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ABSTRACT
We present the revised and high quality CCD time series observations in 2017 and 2018 of the W
UMa-type contact binary BH Cas. The combination of our new determinations of minimum times
and those collected from the literatures reveal a long-term period increase with a rate of dP/dt =
+3.27× 10−7day yr−1, which can be accounted for by angular momentum transfer as the less-massive
component loses its mass to the more massive one. One cyclical oscillation (A′ = 0.00300 day and
P ′ = 20.09 yr) superimposed on the long-term period increase tendency is attributed to one additional
object that orbits BH Cas. The low-resolution spectra of this source are observed at phase ∼0.0 and
∼0.5 in 2018 and 2019, and the spectral types are identified as K3V± 1 and G8V± 2. According to
the luminosity contributions and spectra at these phases, the spectral type of the primary star is close
to K3V± 1. We infer a cool spot on the hotter and less-massive component to fit the asymmetry of
light curves. In addition, changes in the location, temperature, and area of spots on the secondary
star in different observations may indicate that the magnetic field activity of the secondary is more
active than that of the primary. Such strong spot activities and optical flare are both detected at
the same time from a W UMa-type star for the first time. With the XMM-Newton observations
taken in 2003 and 2012, the X-ray light curve is obtained and the X-ray spectra can be well described
with a black-body or a bremsstrahlung model. The soft X-ray luminosity of BH Cas is estimated as
8.8 – 9.7× 1030 erg s−1.
Keywords: binaries: eclipsing — binaries: spectroscopic — binaries: close — X-ray: binaries — stars:
variables — stars: individual (BH Cassiopeiae)
1. INTRODUCTION
Close binaries are divided into Algol (EA), β Lyrae (EB) and W UMa (EW) types (Mol´ık 1998) according to the
shape of their light curves. W UMa-type binaries, which have been studied for more than one century (Mu¨ller 1903),
are one of the EW-type with a relatively high frequency of occurrence (Shapley 1948; Nef & Rucinski 2008). Many
phenomena, however, remain unexplained. For example, the O’Connell effect (O’Connell 1951; Milone 1968) shows
two maxima times of the light curves with different luminosities. Based on the temperatures and masses, the W
UMa-type can be further divided into the W-subtype and the A-subtype (Binnendijk 1970). For the W-subtype, the
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primary minima of the light curves are caused by the more massive component transiting the less massive hotter one,
whereas for the A-subtype, the situation is reverse. These two subtypes of W UMa-type are generally considered to
have an evolutionary relationship with each other, but the direction of evolution between them remains controversial.
For example, Li et al. (2004), based on the energy transfer in binary systems, infers that the A-subtype is the later
evolution stage of the W-subtype. Gazeas & Niarchos (2006), on the other hand, propose the opposite evolutionary
sequence by utilizing statistics of the mass and angular momentum of binary systems.
Many W UMa-type binaries are X-ray emitters. Some of their fundamental features, including high chromospheric
and coronal activity (Huenemoerder et al. 2006; Hu et al. 2016; Kandulapati et al. 2015), and synchronous fast-rotation
common envelopes (Gondoin 2004; Chen et al. 2006), are believed to be the origin of the X-ray emission. Their X-ray
intensities are related to their orbital periods and spectral types (Ste¸pien´ et al. 2001; Chen et al. 2006). The studies
of 2MASS J11201034-2201340 (Hu et al. 2016) and VW Cep (Huenemoerder et al. 2006) indicate that the X-ray light
curves do not show obvious occultation or modulation as optical light curves do. The investigation of VW Cep and YY
Eri (Vilhu & Maceroni 2007) suggests that in a UMa binary system, the massive component dominates the magnetic
activity.
BH Cassiopeiae (RA=00h21m21.4s, Dec=+59◦09′05′′.2, J2000) was recognized by Beljawsky (1931) as a variable
star. Kukarkin (1938) classified it as a W UMa-type variable star with a period of ∼ 0.5 days and an amplitude of
∼ 0.4 mag. Metcalfe (1999) presented the light curves in U, B and V bands and the radial velocity curves. He obtained
basic parameters (e.g., the inclination, temperatures, and fractional luminosity) of BH Cas and further classified it
as a W-subtype W UMa system. However, he corrected for data taken with different telescopes by assuming all U
band maxima to be approximately equal, thereby preventing him from detection of the O’Connell effect (Zo la et al.
2001). Zo la et al. (2001) carried out additional photometric observations in R and I bands, and found no O’Connell
effect. Niarchos et al. (2001) also detected no significant O’Connell effect in their light curves of BH Cas. For the
temperature of BH Cas, Metcalfe (1999) derived an effective temperature about 4600± 400 K by the color index, and
later concluded the temperature of the secondary star to be 4980± 100 K and the temperature of primary star to be
4790 ± 100 K. Zo la et al. (2001) set the temperature of the secondary as 6000 K based on a classification spectrum
F8±2 for BH Cas, and derived the temperature of the primary as 5550± 22 K.
Information regarding the orbital period change is vital in derivation of the physical properties of contact binaries.
By conducting the Observed minus Calculated (O−C) analysis for BH Cas, Zo la et al. (2001) noted that the parameters
of the linear fit for O−C analysis (data covering from 1994 to 2001) were positive, and those of the parabolic fit were
close to zero. However, Qian (2001) showed the O−C to have a significant upward trend with a rate of dP/dt =
+1.17 × 10−6 d yr−1 based on the data obtained from 1994 to 1999, and notwithstanding the relatively short time
interval of the observations, commented the rate to be unusually large for a binary system. Using data taken from
1994 to 2008, Arranz Heras & Sanchez-Bajo (2009) measured the linear elements to be nearly 0.
In this paper, we report the revised high-quality CCD photometric data of BH Cas, which when supplemented with
minimum times in the light curves collected from the literature, led to an improved determination of the physical
parameters of the system. New spectral typing provides more reliable estimation on the stellar temperatures than
before, whereas the X-ray light curves and spectra set constraints on the emission mechanisms. We present the optical
photometric, spectral and X-ray observations of BH Cas in Section 2. The O−C analysis, optical light curve fitting,
and X-ray spectral fitting are given in Section 3. We discuss our results in Section 4 and give a summary of our work
in Section 5.
2. OBSERVATIONS, DATA REDUCTIONS AND RESULTS
2.1. Optical Observation and Data Reduction
2.1.1. Photometry
BH Cas was observed using the Nanshan 1-meter telescope (Song et al. 2016; Ma et al. 2018) of Xinjiang Astronomical
Observatory from Oct. 20, 2017 to Dec. 29, 2018. The telescope was equipped with an E2V CCD203-82 (blue) chip
CCD camera, which has 4096× 4136 pixels, with a pixel size of 1.125 arcsec. A square area of 1200× 1200 pixels near
the center of the CCD chip was used, corresponding to a field of view of 22′.5× 22′.5. A set of Johnson-Cousins B, V,
R and I filters was used, with typical exposure times of 20 s for B, 15 s for V, 8 s for R and 17 s for I. For all the
observations, the same gain, bin values and readout mode were used.
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Table 1. Coordinates and visual magnitudes of the target, comparison and check stars
Stars α2000 δ2000 V B − V
(mag) (∆mag)
BH Cas(V) 00h21m21.4s +59◦09′05′′.2 12.77±0.22 0.49
2MASS J00211690+5912483(C) 00h21m16.9s +59◦12′48′′.3 12.92±0.06 0.50
2MASS J00213244+5911504(K) 00h21m32.4s +59◦11′50′′.4 13.90±0.03 0.58
Figure 1. 5.1′× 5.1′ image in B band. The target BH Cas, the comparison star and the check star are marked, respectively,
with “V”, “C” and “K”.
The aperture photometry package PHOT of IRAF1 is utilized to reduce the CCD data. Figure 1 demonstrates a
part of the observed frame, in which the target, comparison and check stars are labeled. The magnitudes and positions
of the comparison and check stars are close to BH Cas. The color of the comparison star is almost the same as that of
BH Cas. The coordinates and visual magnitudes of these stars are listed in table 1. For differential magnitudes, the
IRAF command pdump is used to derive the instrumental magnitudes and their errors, and helect is used to extract
the Heliocentric Julian Date (HJD) of each frame. Then, the new times of the primary (type I) and secondary (type
II) minima in different bands, listed in Table 2, are derived by parabolic least-squares fitting to the light curves. We
started out with the equation Min.I = (HJD0) 2449998.6182(3) + 0.
d40589171(5)×E as per given in Arranz Heras &
Sanchez-Bajo (2009) to obtain the orbital phases, but there is a slight shift in phase. Therefore, we chose one of the
minimum times we derived as the new HJD0. The period is preserved, and the revised linear ephemeris becomes,
Min.I = (HJD0) 2458124.1950(1) + 0.
d40589171(5) × E. (1)
Figure 2(a) exhibits the phase-folded optical light curves of BH Cas observed on Oct. 20, 21(black), Dec. 21(red),
2017 and Jan. 4, 5, 6, 7(green), 2018. In each band of the light curves, the data obtained in these three observation
seasons deviate more from each other in the phase range from 0.6 to 1.06 compared with that in other phase ranges.
We define the primary (MaxI) and secondary (MaxII) maximum as that following the primary and secondary minima,
respectively. The MaxI and MaxII magnitudes, both obtained from the same nights by parabolic least-squares fitting
to the light curves, are listed in Table 3. It can been seen that the magnitude difference between the amplitude of the
primary and the secondary maxima (MaxI-MaxII) change over observations. Note a clear flare event detected on Oct.
21, 2017. Figure 2(b), showing the differential magnitudes between the comparison and the check stars, manifests that
the observed variations in the optical light curves of BH Cas are actual and trustworthy.
2.1.2. Spectroscopy
1 IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with National Science Foundation
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Table 2. New minimum times of BH Cas observed in different bands through this work.
Date HJD Type Error band Date HJD Type Error band
2400000+ 2400000+
2017.10.20 58047.27975 II 0.00024 B 2018.02.07 58157.07476 I 0.00050 B
58047.27954 II 0.00012 V 58157.07417 I 0.00031 V
58047.27931 II 0.00037 R 58157.07414 I 0.00032 R
58047.27912 II 0.00035 I 2018.02.08 58158.08912 II 0.00020 B
2017.10.21 58048.29337 I 0.00025 V 58158.08880 II 0.00017 V
58048.29293 I 0.00034 R 58158.08922 II 0.00026 R
58048.29332 I 0.00051 I 58158.08891 II 0.00029 I
2017.12.01 58089.08652 II 0.00044 B 2018.11.03 58426.18572 I 0.00036 B
58089.08612 II 0.00030 V 58426.18565 I 0.00022 V
58089.08594 II 0.00089 R 58426.18406 I 0.00020 R
58089.08641 II 0.00055 I 58426.18561 I 0.00081 I
2017.12.01 58089.28710 I 0.00044 B 2018.11.03 58426.38775 II 0.00044 B
58089.28772 I 0.00067 V 58426.38691 II 0.00035 V
58089.28732 I 0.00034 R 58426.38804 II 0.00021 R
58089.28854 I 0.00079 I 58426.38791 II 0.00077 I
2018.01.04 58123.18243 II 0.00032 B 2018.11.04 58427.20096 I 0.00078 B
58123.18230 II 0.00022 V 58427.20033 I 0.00049 V
58123.18175 II 0.00038 R 58427.20074 I 0.00022 R
58123.18128 II 0.00020 I 58427.20093 I 0.00093 I
2018.01.04 58123.99454 II 0.00032 V 2018.11.04 58427.40276 I 0.00031 B
2018.01.05 58124.19429 I 0.00023 B 58427.40256 I 0.00013 V
58124.19474 I 0.00016 V 58427.40276 I 0.00073 R
58124.19505 I 0.00026 R 58427.40318 I 0.00019 I
58124.19576 I 0.00022 I 2018.11.29 58452.16318 I 0.00094 B
2018.01.06 58125.00740 I 0.00075 B 58452.16351 I 0.00023 V
58125.00714 I 0.00010 V 58452.16339 I 0.00019 R
58125.00753 I 0.00086 R 58452.16373 I 0.00051 I
58125.00835 I 0.00054 I 2018.12.29 58482.19930 I 0.00086 B
2018.01.06 58125.21119 II 0.00030 B 58482.19940 I 0.00068 V
58125.21102 II 0.00020 V 58482.19951 I 0.00082 R
58125.20963 II 0.00022 R 58482.19960 I 0.00053 I
58125.21017 II 0.00021 I
2018.01.07 58126.22427 I 0.00020 B
58126.22488 I 0.00040 V
58126.22421 I 0.00080 R
58126.22455 I 0.00014 I
The low-resolution spectra of BH Cas were observed on November 22, 2018 and January 23, 2019 with the 2.16-meter
telescope (Fan et al. 2016) in the Xinglong Observatory, National Astronomical Observatories of China. The Beijing
Faint Object Spectrograph and Camera, equipped with a 2048× 2048 pixels E2V CCD42-40 NIMO CCD, was used in
these observations. A slit of 1.8′′ and grating G4 was used to provide a wavelength coverage from 3800 A˚to 8800 A˚, a
linear dispersion of 198 A˚ mm−1, and a spectral resolution of 4.45 A˚ pixel−1. The total exposure time on the target was
800 s. IRAF is used for data reduction following standard spectral processing. Finally, the one-dimension spectra of BH
Cas and the standard star Hiltner 102 (Stone 1974) were extracted for flux calibration. In Figure 3 and 4, the spectra
presented by solid black lines are observed at phases ∼0.0 (HJD 2458445.067365) and ∼0.5 (HJD 2458506.948262),
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Table 3. The maximum magnitude values and the magnitude difference between the amplitude of the primary maxima and
the following secondary of BH Cas in different bands.
Date MaxI Error MaxII Error MaxI-MaxII Error band
(∆mag) (∆mag) (∆mag)
2017.12.01 -0.042 0.008 0.039 0.007 0.081 0.015 B
2017.12.01 -0.327 0.008 -0.259 0.009 0.068 0.017 V
2017.12.01 -0.538 0.009 -0.480 0.006 0.058 0.015 R
2017.12.01 -0.721 0.010 -0.682 0.006 0.039 0.016 I
2018.01.04 -0.034 0.005 -0.001 0.010 0.033 0.015 B
2018.01.04 -0.333 0.005 -0.301 0.008 0.032 0.013 V
2018.01.04 -0.534 0.005 -0.503 0.007 0.031 0.013 R
2018.01.04 -0.718 0.004 -0.701 0.008 0.017 0.013 I
2018.01.05 -0.047 0.008 0.011 0.006 0.058 0.014 B
2018.01.05 -0.325 0.007 -0.289 0.004 0.036 0.012 V
2018.01.05 -0.534 0.010 -0.498 0.003 0.036 0.013 R
2018.01.05 -0.724 0.006 -0.690 0.004 0.034 0.010 I
respectively. The spectra were compared with SDSS/BOSS reference spectra of different spectral types from Covey
et al. (2007). The PyHammer2 code (Kesseli et al. 2017) was used to make the comparison, leading to the best fit of
K3V±1 (∼4850±150 K) and G8V±2 (Cox 2000; Harmanec 1988, ∼5300±300 K), both with [Fe/H]∼ −1.0 at phases
0.0 and 0.5, respectively. The positions of absorption lines Hα (6564.6127A˚), Hβ (4862.6778A˚), Hγ (4341.6803A˚) and
triple lines (8498A˚, 8542A˚ and 8662A˚) of CaII on the spectrum are represented by dashed lines.
According to geometric configuration (Zo la et al. 2001; Metcalfe 1999) of BH Cas, if we assume that two components
are black bodies, the spectral temperature at phase 0.0 is the closest temperature to the primary through the whole
phase range while that at phase 0.5 is the closest to the secondary. And since the light curves of BH Cas can be well
fitted for a wide range of temperatures (Zo la et al. 2001), the reliable initial values are important for the solution of
light curve fitting. Therefore, it is reasonable to set the temperatures 4850 K and 5300 K derived by the spectrum of
BH Cas at phases 0.0 and 0.5 as the initial temperatures of the primary and secondary in optical light curve fitting in
Section 3.2, respectively.
2.2. X-ray Observations and Data Reduction
The X-ray detection of BH Cas was firstly presented by Brandt et al. (1997) as a part of the X-ray observations of
the Local Group galaxy IC 10. Later, XMM-Newton (Jansen et al. 2001) observed BH Cas with an ∼ 40 ks exposure
on July 3, 2003 with ObsID: 0152260101 and ∼ 130 ks exposure on August 18, 2012 with ObsID: 0693390101 (Pasham
et al. 2013). We downloaded the data from XMM-Newton Science Archive3(XSA). All the European Photon Imaging
Cameras (EPICs), including two MOS cameras and PN CCD, were operated in the full-frame mode with thin filters
in these two observations. Details are listed in Table 4. In the following, we denote the X-ray observations in 2003
and 2012 as O03 and O12, respectively (see Table 4).
We use XSA online Interacting Data Analysis4 (IDA) to perform pipeline data reduction. IDA processes the ob-
servation data files (ODF) with Science Analysis System (SAS) and current calibration files on the Remote Interface
for Science Analysis (RISA) server. The system automatically generates filtered events lists, clean spectra and light
curves. We extract source photons from a circular region centered on BH Cas with a radius of 30′′ to encircle 80%
of source energy. BH Cas lies on the boundary of two chips of the PN camera in O12, so we do not use it. The
background events are extracted from a source-free 80′′ circle near the source. In order to eliminate the difference
in results that may be caused by background selection, we also select the source-free backgrounds of other sizes and
positions, and find almost no difference in background events after normalization. We do not take the pile-up effect
2 https://github.com/BU- hammerTeam/PyHammer
3 http://nxsa.esac.esa.int/nxsa-web/
4 http://nxsa.esac.esa.int/nxsa-web/#search
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Figure 2. (a): BVRI bands phase-folded light curves for BH Cas. The error bars are set as 2σ instrumental magnitudes
uncertainties. A clear flare was detected in Oct. 21, 2017. (b): The magnitude differences of the comparison (C ) and the
check star (K ). These colors represent the same meaning as panel (a). (c): The phase-folded X-ray light curve obtained by
XMM-Newton in the 0.2–12keV energy range (Section 2.2). The error bars are 1σ statistical uncertainties.
into consideration, because the counts rate of BH Cas ∼ 0.01 counts s−1 is far less than the minimum of EPICs needed
for consideration. For the event pattern and flag, the options are set to be ”Pattern <= 12” and ”Flag = 0” for MOS,
respectively, and ”Pattern <= 4”, ”Flag = 0” for PN. The energy range is selected to be between 0.2 keV to 12 keV.
For the product type, firstly, we set the option to be ”Spectra”. The files of source spectra, background spectra,
spectral response matrices for O03 and O12 are automatically generated by IDA. Then, the clean light curves of O03
and O12 with a bin of 2000 s are extracted by setting the option to be ”Light curve”.
The ephemeris from Equation 1 is used to calculate the phase of the X-ray light curve. In order to correct the
differences in the light arrival times due to the relative locations of the XMM-Newton and the star, the Modified
Julian Date (MJD) of the X-ray light curve is converted to HJD5. The bin of phase is eventually set to 0.1 to get
enough detection significance. We do not obtain the X-ray light curve from O03 since its effective time span is shorter
than the orbital period of BH Cas. The phase-folded X-ray light curve of MOS of O12 is shown in Figure 2(c).
5 http://www.physics.sfasu.edu/astro/javascript/hjd.html
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Figure 3. Spectrum of BH Cas at phase 0.0 compared with reference spectra of K2V–K4V. Best fit is obtained for K3V
star with [Fe/H]∼ −1.0. All spectra are normalized at λ=6900A˚. From left to right, the black dashed lines represent Hγ
(4341.6803A˚), Hβ (4862.6778A˚), Hα (6564.6127A˚) and triple lines (8498A˚, 8542A˚ and 8662A˚) of CaII.
Table 4. The XMM-Newton observation log for BH Cas. Columns are organized as the observation ID and the define name of
observation, observation instrument, the start and stop time of the observation, total exposure time and the effective exposure
time.
Obs.ID Def.Name Instrument Start Stop Tot. Expo. Effective Expo.
(UT) (UT) (ks) (ks)
0152260101 O03 PN 2003-07-03 18:22:46 2003-07-04 06:30:01 43.635 33.6675
0152260101 O03 MOS1 2003-07-03 18:00:25 2003-07-04 06:34:57 45.272 36.7406
0152260101 O03 MOS2 2003-07-03 18:00:27 2003-07-04 06:35:01 45.274 36.7926
0693390101 O12 MOS1 2012-08-18 22:06:29 2012-08-20 10:14:43 130.094 100.495
0693390101 O12 MOS2 2012-08-18 22:06:29 2012-08-20 10:14:59 130.110 103.974
3. DATA FITTING
3.1. The O-C Analysis
Ten years have passed since Arranz Heras & Sanchez-Bajo (2009) pointed out that no evidence had been found for
any period change of BH Cas. We obtain 67 new minimum times in this work, combining with 94 minimum times
collected from published papers and the website O−C Gateway 6, a total of 161 minimum times that cover 24 years
from 1994 to 2018 are used for our O−C analysis. Equation 1 is used to calculate the (O−C)1 values. An obvious
concave upward trend is evidenced in Figure 5(a). Therefore, we add a period derivative quadratic term to fit the
data and the period increasing rate is derived to be dP/dt = +3.27 × 10−7 d yr−1. The fit is statistically improved
with a reduced χ2 = 34.3. The corresponding residual (O − C)2 is shown in Figure 5(b). The fitting remains poor,
as (O − C)2 seems to show a distinct quasi-sinusoidal oscillation between epoch −21000 and −11000, whereas in the
6 http://var.astro.cz/ocgate/
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Figure 4. Spectrum of BH Cas at phase 0.5 compared with reference spectra of G6V–G9V. Best fit is obtained for G8V
star with [Fe/H]∼ −1.0. All spectra are normalized at λ=6900A˚. From left to right, the black dashed lines represent Hγ
(4341.6803A˚), Hβ (4862.6778A˚), Hα (6564.6127A˚) and triple lines (8498A˚, 8542A˚ and 8662A˚) of CaII.
interval −11000 to 1000, the distribution is more or less flat, with about 65% of the data points below zero. First, we
consider the possibility of an elliptical orbit. There are no suitable solutions; either the errors of the fitting parameters
are too large, or the derived orbital eccentricity e is greater than 1, i.e., an non-ellipse orbit. Alternatively, we assume
a circular orbit and use the following formula (Hoffman et al. 2006):
(O − C)1 =c0 + c1 × E + c2 × E2
+ [a1 cos(ω1E) + b1 sin(ω1E)]
(2)
where c0, c1 and c2 are the parabolic fitting parameters, and a1, b1 are the Fourier coefficients. The best-fit parameters
are listed in Table 5 with the errors being directly output from the covariant matrix. The revised quadratic ephemeris
is then:
Min.I =(HJD0) 2458124.19660(25)
+ 0.d40589680(8) × E
+ 1d.82(4) × 10−10 × E2.
(3)
In Figure 5(b), we use a red solid line to indicate the oscillation with the amplitude A′ = 0.00300 days and the
oscillation period P ′ = 2piP/ω = 20.09 yr. The residuals in Figure5 (c) represent the deviation of data points in panel
(b) from the red solid line. The best-fit parameters of this oscillation are listed in Table 5. The reduced χ2 is 17.3 in
Figure 5 (c).
3.2. Optical Light Curve Model Fitting
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Table 5. Best fit orbital parameters for BH Cas.
Date Values Error
c0 1.60× 10−3 2.5× 10−4
c1 5.09× 10−6 8× 10−8
c2 1.82× 10−10 4× 10−12
a1 5.10× 10−5 1.9× 10−6
b1 3.00× 10−3 2.8× 10−4
ω1 3.47× 10−4 6× 10−6
Figure 5. (a): The (O−C)1 diagram for BH Cas. Observed data are represented by red (literature) or blue (this work) points.
The black dashed line is the parabolic least-squares fit (first three terms of Equation (2)) to the data. (b): The (O−C)2 diagram
(subtracting the dashed line from the observations in (a)). The red solid line is the fit to the data by [a1 cos(ω1E)+b1 sin(ω1E)]
with amplitude A′= 0.00300 days and oscillation period P ′= 20.09 yr and also plotted in panel (a) (black solid line) by adding
to the black dashed line.(c): The residuals of panel(b). The distributions of our data at the ephemeral scale, in panel (a), (b)
and (c), are zoomed in panel (d), (e) and (f), respectively.
The 2013 version of the Wilson-Devinney (W-D) code (Wilson & Devinney 1971;Wilson 1979; Wilson 2012) is used
to fit the light curves in four bands in order to get the physical and geometrical parameters of BH Cas. In the fitting
process, we use the photometric data of this work and the radial velocity of Metcalfe (1999) as the constraint condition.
We define the primary component with subscript 1 and the secondary with subscript 2. In our fitting, the mass ratio q
(M2/M1)= 0.475(23) obtained by radial velocity measurements (Metcalfe 1999) is fixed through the fitting. The initial
values of mean temperature of the primary (T 1) and secondary (T 2) are set to be 4850 K and 5300 K as mentioned
in Section 2.1.2. A circular orbit and synchronous rotation are assumed. For the bolometric and monochromatic limb
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darkening law, we use the logarithmic form with the coefficients, X bolo, Y bolo, xB , yB , xV , yV , xR, yR, x I and yI
taken from van Hamme (1993). The gravity darkening coefficients and the bolometric albedos are set to g1 = g2 = 0.32
(Lucy 1967) and A1 =A2 = 0.50 (Rucin´ski 1969) because the atmospheres should both be convective. The adjustable
parameters are: the orbit inclination i, the mean surface temperature of primary T 1, the mean surface temperature
of secondary T 2, the modified dimensionless surface potential Ω1, and the bandpass luminosity of primary L1.
As shown in Figure 5(b), there is a cyclic modulation in the orbital period variation of BH Cas. So the third light
L3 is taken into consideration in the light curves fitting. Because of the asymmetry of the light curves and the unequal
luminosities at the maximum times (see Figure 2), it is impossible to get perfect fitting to the light curves without star
spots. After a series of iterations we obtain fair solutions by adding a cool spot on the secondary star by adjusting the
longitude, latitude, angular radius and temperature of the spot. These solutions are listed in Table 6. The parameters
of BH Cas yielded by three sets of photometric solutions are almost identical. In Figure 6, the theoretical light curves
given by the solution are compared to the observed ones in different observations. Figure 7 illustrates the geometric
structure of BH Cas at different orbital phases with a spot on the secondary component in different observations. The
revised absolute parameters we obtained for BH Cas are listed in Table 7. We should note that the errors in Table 6
and 7 are most likely underestimated (Prsˇa & Zwitter 2005). The reason is the existence of strong correlation between
the fitted parameters due to due to the parameter space degeneracy of the model used.
3.3. X-Ray Spectra Fitting
XSPEC version 12.10.0 is used to fit X-ray spectra. Since there are few photons above 2 keV, and X-ray emission
is dominated by the background, the fitting is carried out in the energy range 0.2–2 keV, i.e., the soft X-rays. We
separately try the thermal bremsstrahlung, black-body and the non-thermal power law to fit the spectra, correspond-
ing to bremss, bbody and powerlaw radiative models in XSPEC. We use the absorption model wabs7. The average
Galactic hydrogen column density NH in the region near BH Cas is estimated to be 4.82 × 1021 cm−2 by the Lei-
den/Argentine/Bonn Survey (Kalberla et al. 2005). At first, we set NH as a free parameter. The lowest best fit
valve is then 6.07+1.94−1.54 × 1021 cm−2, which is not far from the derived value but with too large an uncertainty. We
then fixed the value of NH as 4.82 × 1021 cm−2. We find that the power-law model failed to fit the spectra, with all
reduced χ2 ≈ 2. We separately carried out simultaneous-fitting8 using bremss or bbody model for each observation.
The reduced χ2 values in O12 are all greater than those in O03, which is most likely caused by the exposure times and
the instrumental differences between MOS and PN, e.g., quantum efficiency and time resolution (Stru¨der et al. 2001;
Turner et al. 2001). Fitting parameters are listed in Table 8, and the spectra with the corresponding best-fit models
are shown in Figure 8. For the black-body and the bremsstrahlung models of O03, the plasma temperatures kT03 are
0.137+0.006−0.006 keV and 0.266
+0.020
−0.017 keV, respectively, and for O12, they are 0.132
+0.006
−0.006 keV and 0.258
+0.019
−0.016 keV. The
derived X-ray flux in the energy range 0.2–2 keV is estimated to be ∼ 3.77+0.27−0.28 × 10−14 erg cm−2 s−1 in 2003, and
∼ 4.16+0.21−0.21 × 10−14 erg cm−2 s−1 in 2012.
4. DISCUSSIONS
4.1. Additional Companion
The cyclic oscillation shown in Figure 5 (b) may be caused by the Applegate mechanism (Applegate 1992), or by
the light-time effect as a consequence of the existence of a third body. By calculating the quadrupole moment of
the solar-type components, we can quantify the role played by the Applegate mechanism. The equation given by
Rovithis-Livaniou et al. (2000):
∆P =
√
2 [1− cos(2piP/P ′)]×A, (4)
where A is the semi-amplitude, P ′ is the oscillation period , and A =
√
a21 + b
2
1 = 0.00300 day. By using the relationship
between ω and P ′, ω= 2piP/P ′, we get the value of P ′ in year. So the periodic rate of change is ∆P/P ∼ 2.568×
10−6. To produce such a change rate, the change in the required quadrupole moment can be calculated using Equation
(Lanza & Rodono` 2002):
∆P/P = −9 ∆Q
Ma2
, (5)
7 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node262.html
8 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node39.html
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Figure 6. Comparing of observed (open circles) and theoretical (solid lines) light curves in BVRI of BH Cas in different
observations. The red solid points in panel (a) represent the optical flare.
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Table 6. BVRI band photometric solutions of BH Cas obtained in October 2017, December 2017 and January 2018
Parameters Best-fit Value(2017.10) Best-fit Value(2017.12) Best-fit Value(2018.01)
Primary Secondary Primary Secondary Primary Secondary
g1 = g2 (deg) 0.32 * *
A1 = A2 (deg) 0.50 * *
Xbolo 0.649 0.647 * * * *
Ybolo 0.193 0.221 * * * *
xB 0.847 0.829 * * * *
yB 0.098 0.185 * * * *
xV 0.778 0.745 * * * *
yV 0.200 0.256 * * * *
xR 0.686 0.653 * * * *
yR 0.230 0.267 * * * *
xI 0.591 0.560 * * * *
yI 0.229 0.256 * * * *
i (deg) 71.51(85) 70.86(53) 70.91(67)
q=M2/M1 0.475 * *
T (K) 4899(124) 5109(139) 4862(64) 5214(65) 4874(66) 5163(74)
Ω 2.784(3) 2.784(3) 2.783(2) 2.783(2) 2.783(2) 2.783(2)
L1/(L1 + L2)B 0.589(3) 0.548(3) 0.565(3)
L1/(L1 + L2)V 0.605(3) 0.572(3) 0.587(3)
L1/(L1 + L2)R 0.618(3) 0.592(3) 0.602(3)
L1/(L1 + L2)I 0.625(3) 0.604(3) 0.613(3)
L3/(L1 + L2 + L3)B 2.18(9)× 10−3 2.04(6)× 10−3 2.26(8)× 10−3
L3/(L1 + L2 + L3)V 4.11(17)× 10−4 3.92(9)× 10−4 4.32(10)× 10−4
L3/(L1 + L2 + L3)R 1.39(19)× 10−5 1.64(13)× 10−5 1.52(11)× 10−5
L3/(L1 + L2 + L3)I 6.14(21)× 10−6 5.74(17)× 10−6 5.93(19)× 10−6
r(pole) 0.4255(4) 0.3030(4) 0.4287(2) 0.3063(2) 0.4275(3) 0.3051(3)
r(side) 0.4539(6) 0.3172(6) 0.4581(3) 0.3213(3) 0.4566(4) 0.3198(4)
r(back) 0.4844(8) 0.3547(9) 0.4901(5) 0.3614(4) 0.4880(5) 0.3589(6)
Latitudespot(deg) 136.19(40.86) 101.11(2.03) 120.27(31.70)
Longitudespot(deg) 125.64(8.16) 115.98(89) 86.70(14.41)
Radiusspot(deg) 37.80(11.96) 41.12(73) 27.39(48)
Tspot/T2 0.83(5) 0.80(1) 0.64(9)
f(%) 15.14(4) 15.48(4) 15.48(4)
Note— The asterisk (*) refers to assumed, fixed values.
Table 7. Absolute parameters of BH Cas.
Name M (M) R (R) log g (cgs) Mbol L (L)
Primary 0.96(9) 1.19 (7) 4.27(6) 5.01(7) 0.703(13)
Secondary 0.46(6) 0.85(4) 4.24(11) 5.47(8) 0.456(10)
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Figure 7. The geometric configuration of BH Cas with a spot in the less-massive component at phases 0.00, 0.06, 0.62 and
0.75 in different observations.
Table 8. The best fitting parameters for black-body and bremsstrahlung models for the X-ray spectra of BH Cas.
Obs.ID Parameters Black Body Bremsstrahlung
0152260101 kT (keV) 0.137+0.006−0.006 0.266
+0.020
−0.017
Normalization 6.50+1.09−0.97 × 10−6 1.91+0.51−0.41 × 10−3
Reduced χ2 (d.o.f a) 1.06(74) 1.25(74)
Absorbed Flux 3.72+0.37−0.38 3.82
+0.39
−0.40
(× 10−14erg cm−2 s−1)
0693390101 kT (KeV) 0.132+0.006−0.006 0.258
+0.019
−0.016
Normalization 7.95+1.33−1.18 × 10−6 2.27+0.62−0.51 × 10−3
Reduced χ2 (d.o.f) 1.55(58) 1.84(58)
Absorbed Flux 4.12+0.29−0.30 4.20
+0.31
−0.29
(× 10−14erg cm−2 s−1)
athe degree of freedom
where M is the mass of each component in solar mass, and the semi-major axis a is the distance between two
components. a can be solved using Kepler’s third law:
M1 +M2 = 0.0134
a3
P 2
. (6)
Combining Equations 5 and 6, we then obtain the required quadrupole momentums variations of ∆Q1∼ 1.8× 1049 g
cm2 and ∆Q2∼ 8.8× 1048 g cm2. However, these are less than the range of typical values for a binary system with
periodic oscillations that can be explained by this mechanism is 1051 g cm2 to 1052 g cm2 (Lanza & Rodono` 2002). In
addition, this mechanism is mainly used to explain period modulations of an amplitude ∆P/P ∼10−5(Applegate 1992)
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Figure 8. The X-ray spectra data (crosses) of BH Cas with different Obs.IDs and fitted by different radiation models (steps),
PN colored in black, MOS1 colored in red and MOS2 colored in green. (a): Data are obtained in O03 and fitted by black-body
model. (b): O03 and bremsstrahlung. (c): O12 and black-body. (d): O12 and bremsstrahlung. All of the lower panels represent
the deviation of the data points from the fitting models.
while this value of BH Cas is ∼10−6. Therefore, we conclude that the Applegate mechanism is unable to explain the
periodic change of this source. Alternatively, we consider the light-time effect (LITE) to explain the cyclic oscillation.
By combining the orbit parameters listed in Table 5, we get the parameters of the third body using the following
formula (Kopal 1978):
a ′ sini′ = c
√
a21 + b
2
1, (7)
where a ′ is the orbital radius of the common center of mass of the triple system consisting of the contact binary and
a third body, and i ′ is the inclination of the third body. We further calculate the mass of the third object M ′ and the
orbital radius a ′ via:
f (M ′) =
(M ′ sin i ′)3
(M1 + M2 + M ′)2
=
4pi2
GP′2
(a ′ sin i ′)3, (8)
d ′ =
M1 +M2
M ′
a ′, (9)
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Table 9. Derived parameters of the third body of BH Cas.
Parameters Third Body
Values Error
P ′ (yr) 20.09 0.14
a ′sini ′ (AU) 0.52 0.06
f (M′) (M) 3.48× 10−4 2.6× 10−5
M ′ (i ′= 90 ◦) (M) 0.093 0.007
a ′ (i ′= 90 ◦) (AU) 7.94 0.13
where G is the gravitational constant. The computed astrometric orbit makes the existence of the LITE evident. The
mass of the third object thus derived is 0.098(9) M if its orbit is coplanar (i = 71◦) with the binary system. The
derived properties of the third body are listed in Table 9. In addition, the light curve fitting to our observations (see
Table 6) shows that the contribution of the third light to the total luminosity reaches two thousandths in B band,
which may also support the possible existence of a third body.
4.2. The Magnetic Field Activity
As shown in Table 3, all the magnitudes of maximum times around phase 0.25 are significantly higher than those
around 0.75. We thereby conclude that, for the first time, we detect significant O’Connell effect in BVRI bands for
BH Cas. As shown in Figure 2(a), we note that the light curves in all bands scatter noticeably from phase 0.6 to
1.06 comparing to that from phase 0.06 to 0.6, and the magnitude difference between the amplitude of the primary
maxima and the following secondary changes from season to season. An optical flare was detected on Oct. 21, 2017,
and this is the first detection of an optical flare in this source. The variations in the B and V bands, which amount
to ∼ 0.15 mag and continue for ∼15 minutes, show the flare near phase 0.85. In R and I bands the tendency also
can be recognized. The luminosity of the flare decreases as the wavelength increases, similar to the situation in U
Pegasi (Huruhata 1952). One possible explanation for the O’Connell effect is the magnetic activities, manifest by
flares (Qian et al. 2012, 2014) or star spots (McCartney 1997). But flares are sporadic and short in duration, hence,
difficult to account for the persistence of the O’Connell effect. However, star spots are relatively long-lived, and their
existence and the distribution on the surface can be diagnosed with photometric observations at different rotational
phases. By adding a cool spot on the less massive component, the W-D code fitting leads to a good result for the
different luminosity of the maximum times and the asymmetry in optical light curves. In three observation seasons,
the variation of the amplitude of the light curves is likely caused by the changes of the total spot area, location,
and temperature, i.e. strong spot activities. From the W-D solution, the spot began to appear at phase ∼0.6, was
completely exposed at phase ∼0.75, and was covered by the primary star at phase ∼1.06, which are in good agreement
with the observations. These variations in the spot of the secondary suggest a stronger magnetic activity than that
of the primary. No flare and significant O’Connell effect have been reported in previous works for BH Cas (Metcalfe
1999; Zo la et al. 2001; Niarchos et al. 2001). Our detections suggest that this source in its stronger magnetic active
state during our observations than that of previous observations. In addition, there are shallow absorptions in the Hα,
Hβ, Hγ (Pi et al. 2017) and Ca II triplet lines (Mallik 1997) in the spectra of Figure 3 and 4. These may indicate that
BH Cas is chromospherically active.
4.3. The Spectral Types
Our low-resolution spectra show that the spectral types at phase ∼0.0 and ∼0.5 are K3V±1 (∼4850±150 K) and
G8V±2 (∼5300± 300 K), respectively. As shown in Table 6, the temperatures of the primary T1 and secondary T2
obtained from light-curve fitting are ∼4880±100K (∼K3V±1) and ∼5160±100 K (∼G9V±1), respectively. Using the
inclination i in Table 6 and absolute parameters listed in Table 7, the geometric model of BH Cas is simplified as two
spheres with external tangent. If we do not consider the limb darkening effect, the ratios of luminosities of primary
to secondary are derived to be ∼7:1 at phase 0.0 and ∼1:1 at phase 0.5. This may indicate that the temperature of
the primary should be slightly lower than the spectral temperature at phase 0.0 while the temperature of secondary
higher than the spectral temperature at phase 0.5. Considering the errors of the light curve fitting are most likely
underestimated, the fitting temperature of primary is close to the spectral temperature at phase 0.0, which may be
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caused by the dominant luminosity of the primary at this phase and may suggest that the spectral type of primary
is likely to be ∼K3V±1. According to the light curve fitting, the spectral type of the secondary is ∼G9V±1, while
the photometric contribution and the spectral type at 0.5 phase indicated that the temperature of secondary is higher
than the spectral temperature of G8V±2. The inconsistency between these results makes it difficult for us to judge
the actual spectral type of the secondary. Considering the magnetic activity of BH Cas mentioned in Section 4.2, the
spectrum may be influenced by stellar activities, e.g. spots, flares, resulting in deviation of spectrum temperature from
typical stellar temperature of BH Cas.
Metcalfe (1999) derived an effective temperature for BH Cas about 4600±400 K by the V − I and R− I colors. This
temperature corresponds to a main-sequence spectral type K4±2. Using W-D code, he derived the temperatures of
the primary and secondary star as 4790±100K and 4980±100K, which are close to the fitting temperatures of this
work. A temperature of BH Cas released by Gaia2 is 4990±324 K(Andrae et al. 2018). Although the uncertainty of
the temperature is high, it is within the range of component temperature of BH Cas we derived by spectra. Based
on a single spectrum taken in the range 5080 - 5290 A˚with a resolution of 0.2 A˚/pixel using a 1.9-m telescope (Lu &
Rucinski 1999), Zo la et al. (2001) set the temperature of secondary component to 6000K according to spectral type of
F8(±2). By fixing T2 to 6000 K, T1=5500 K is obtained using W-D code. The spectral type of F8(±2) is significantly
different from what we got at phase of 0.0 or 0.5. Although a strong stellar activity could be a possible reason, we
may suggest that such a difference is most possibly due to a high uncertainty in the determining the spectral type
using such a narrow range (210A˚) and high resolution. More low resolution spectral observations at different phases
may help us to explore component spectral types of BH Cas.
4.4. The X-ray Emission
While the variation in the optical light curves is caused by the binary geometry and inclination, the X-ray light
curve does not show obvious eclipses. The lack of X-ray variability, with a reduced χ2 of the phase-folded X-ray
light curve (Figure 2(c)) being, 1.5, could be the consequence of insufficient number of X-ray photons. Alternatively
this indicates a different light distribution of X-ray from that of the optical one. The fitting of asymmetry and
O’Connell effect in the optical light curves suggests the presence of spot. The X-ray emission may be caused by the
chromosphere and corona activity (Huenemoerder et al. 2006; Hu et al. 2016; Kandulapati et al. 2015). The location,
size and temperature of the spot change with time. This change may be reflected in the X-ray light curve or spectra.
However, X-ray and optical observations are not carried out at the same time. Simultaneous observations of X-ray
and optical are necessary to solve the issue. Both of the single models, the black-body and the bremsstrahlung, can
describe the X-ray spectra of BH Cas, which indicates that the origin of X-ray emission of this source is thermal.
The derived fluxes in the energy range 0.2–2 keV are estimated to be ∼ 3.77+0.27−0.28 × 10−14 erg cm−2 s−1 in 2003, and
∼ 4.16+0.21−0.21 × 10−14 erg cm−2 s−1 in 2012. Using the Gaia2 parallax 2.2646± 0.0288 mas (Gaia Collaboration 2018),
the distance of BH Cas is estimated to be 441+6−5 pc. The average X-ray luminosities of BH Cas are then estimated as
L03 = 8.76
+0.63
−0.65 × 1029 erg s−1 and L12 = 9.67+0.34−0.49 × 1029 erg s−1. In 1997, the X-ray flux of BH Cas in 0.1–2.5 keV
is measured to be 4.2 × 10−14 erg cm−2 s−1 (Brandt et al. 1997) and the average X-ray luminosity in this observation
is about 9.67 × 1029 erg s−1. Although the X-ray flux in the light curve fluctuates between different phases of the
complete phase, there is no significant change in these average X-ray luminosities, which indicates that the average
X-ray luminosity of BH Cas may be stable over long time.
4.5. Mass Transfer and Evolution of Angular Momentum
The solution of the W-D code, revealing a hotter less-massive component, indicates that BH Cas is a W-subtype W
UMa system. Moreover, the O−C analysis shows a long-term increase in the orbital period which can be explained by
the transfer of matter from the less-massive component to the more-massive one. Using the following equation (Tout
& Hall 1991),
P˙
P
= 3M˙1(
1
M2
− 1
M1
), (10)
where the mass of the two components, M1 = 0.96 M, M2 = 0.46 M, we derive the mass transfer rate dM1/dt = +2.37× 10−7
M/yr. The plus symbol means that the more massive component is gaining mass from the less massive star at a rate
of dM2/dt =−2.37× 10−7 M/yr. The mass transfer time scale is then τ ∼M2/M˙2 ∼ 1.48 × 106 yr. The coupling of
this mass transfer process with the increase of orbital period is consistent with the prediction of the angular momentum
loss (AML) theory (e.g., Shengbang & Qingyao (2000)).
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The orbital angular momentum and the spin angular momentum (Arbutina 2007) of binaries can be estimated by
Jorb =
M1M2
M1 +M2
a2Ψ, (11)
Jspin = k
2
1M1R
2
1Ψ1 + k
2
2M2R
2
2Ψ2, (12)
where Ψis are the orbital angular velocities, k
2
i s are the dimensionless gyration radii, and Ris are the volume radii.
We can assume synchronization for close binaries, so Ψ1 = Ψ2 = 2pi /P. Since the possible evolutionary relationship
between W-subtype and A-subtype is still controversial, it is reasonable to study their angular momentum evolution
separately. In order to investigate the angular momentum of W-subtype binaries, according to their period and total
mass, i.e., M 1 +M 2< 3, and P < 1day, we compile a list of 73 objects for which the absolute parameters have been
well determined. Their basic parameters are listed in Table 10, sorted by the decreasing total mass. We derive the
values of Jspin/Jorb and Jspin + Jorb for all these binaries. After a series of least-squares fitting in different forms, we
obtain the best fitting curves as shown in Figure 9. The equation between log(Jspin/Jorb) and log(q) is as follows:
log(Jspin/Jorb) = − 1.43817− 0.08274× log(q)
+ 1.63025× (log(q))2
+ 0.83308× (log(q))3
+ 0.11355× (log(q))4.
(13)
In Figure 9, the green open circles represent the W-subtype W UMa-type contact binaries, and the fitting curve is in
black, with the size of each circle corresponding to the value of the angular momentum. In general, as log(q) decreases,
log(Jspin/Jorb) increases. The cyan square point is the position where Jspin/Jorb = 1/3, we obtained minimal mass
ratio qmin,W−subtype = 0.0757(4). This value of the secular tidal instability is consistent with the range 0.076—0.078
reported by Li & Zhang (2006), and is marginally higher than the range 0.070–0.074 presented by Arbutina (2009).
Adopting the absolute parameters we obtained for BH Cas, Jspin/Jorb = 0.04531. Due to the total mass of BH Cas is
small, the angular momentum of BH Cas is smaller than other source around it (see Figure 9). With the transfer of
mass between the two components of BH Cas, the mass ratio will decrease, while Jspin/Jorb increases. If the system
reaches a state when Jorb = 3 Jspin (Arbutina 2007), tidal instability will occur, thereby forcing the binary to merge
into a single, rapidly rotating star.
5. SUMMARY
We present the new photometric and optical spectral observations of BH Cas. The O−C analysis and the theoretical
solution of optical light curves indicate BH Cas to be a W-subtype W UMa contact binary with an orbital period
increased with a rate of dP/dt = +3.27 × 10−7d yr−1. The change of the orbital period may be caused by the mass
transfer from M2 to M1. One cyclical oscillation (A
′ = 0.00300 days and P ′ = 20.09 yrs) superimposed on the long-
term period increasing tendency, which we attribute to a additional components in the system, e.g., a low-mass star.
In the multi-band optical light curves, the strong spot activities and the optical flare are detected at the same time
on a W UMa-type system for the first time. Solutions using the W-D code suggest the existence of a cool spot on the
secondary star. The spectra observed at phases ∼0.0 and ∼ 0.5 in 2018 and 2019 led to spectral typing of K3V±1 and
G8V±2, respectively. The primary star likely has a spectral type of K3V±1. The absolute parameters of BH Cas are
obtained, including the mass, radius, and surface gravity, etc. The X-ray data extracted from the XMM-Newton show
a light curve with no evidence of occultation as seen in the optical, and X-ray spectra consistent with black-body or
bremsstrahlung thermal emission.
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APPENDIX
A. BASIC PARAMETERS OF W UMA TYPE AND NEAR-CONTACT BINARIES
Table 10. Fundamental properties of W-subtype W UMa type binaries. Columns are organized as name, subtype, period, radii of primary
and secondary, primary and secondary masses, the ratio of spin specific angular momentum to orbital specific angular momentum, the
sum of spin specific angular momentum to orbital specific angular momentum and the numbers for references.
Name Subtype Period R1 R2 M1 M2 Jspin/Jorb Jspin+Jorb Ref
d (R) (R) (M) (M)
GSC 03122-02426 W 0.30 1.30 0.83 2.19 0.81 0.058 97.046 44
DN Cam W 0.50 1.78 1.22 1.85 0.82 0.056 101.841 1,41
ER Ori W 0.42 1.39 1.14 1.53 0.98 0.041 95.960 5,35
EF Boo W 0.43 1.46 1.09 1.61 0.82 0.047 86.367 35,41
AA UMa W 0.47 1.47 1.11 1.56 0.85 0.042 89.033 35,41
BI Cvn W 0.38 1.37 0.92 1.59 0.65 0.054 67.387 28
RR Cen W 0.61 2.10 1.05 1.82 0.38 0.105 55.342 37
Table 10 continued on next page
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Table 10 (continued)
Name Subtype Period R1 R2 M1 M2 Jspin/Jorb Jspin+Jorb Ref
d (R) (R) (M) (M)
YY Eri W 0.32 1.20 0.77 1.55 0.62 0.054 59.627 7,41
FZ Ori W 0.39 1.16 1.082 1.17 1.00 0.036 76.048 23
ET Leo W 0.35 1.36 0.84 1.59 0.54 0.069 55.806 4,41
V502 Oph W 0.45 1.51 0.93 1.51 0.56 0.058 59.990 7,41
W UMa W 0.33 1.17 0.85 1.35 0.69 0.0467 59.373 7
AE Phe W 0.36 1.29 0.81 1.38 0.63 0.052 57.474 7
UX Eri W 0.45 1.45 0.91 1.45 0.54 0.056 55.873 27
V402 Aur W 0.60 1.98 0.92 1.64 0.33 0.103 44.808 35,46
TY Pup W 0.82 2.64 1.37 1.65 0.30 0.133 47.196 31
AW Vir W 0.35 1.08 0.95 1.11 0.84 0.037 60.954 26
V728 Her W 0.47 1.81 0.92 1.65 0.3 0.132 38.843 35
BB Peg W 0.36 1.29 0.83 1.42 0.53 0.060 50.613 11
V417 Aql W 0.37 1.31 0.84 1.40 0.50 0.062 47.971 35,41
AM Leo W 0.37 1.23 0.85 1.29 0.59 0.045 51.551 41,47
VY Sex W 0.44 1.50 0.86 1.42 0.45 0.068 47.013 4,41
UV Lyn W 0.42 1.39 0.89 1.36 0.5 0.060 48.656 34,35
V781 Tau W 0.41 1.21 0.85 1.29 0.57 0.043 51.488 10,36
IK Boo W 0.30 0.91 0.85 0.99 0.86 0.035 53.483 14
CW Cas W 0.32 1.09 0.75 1.25 0.56 0.049 45.809 9
RZ Com W 0.34 1.12 0.78 1.23 0.55 0.048 45.413 7,41
AH Vir W 0.41 1.41 0.84 1.36 0.41 0.073 40.798 35
SW Lac W 0.32 1.03 0.94 0.98 0.78 0.042 50.284 35,41
QW Gem W 0.36 1.26 0.75 1.31 0.44 0.065 40.256 15,35
EM Lac W 0.39 1.19 0.97 1.06 0.67 0.043 50.143 26
EZ Hya W 0.45 1.54 0.85 1.37 0.35 0.086 37.070 35
V842 Her W 0.42 1.46 0.81 1.36 0.35 0.085 35.970 35
SS Ari W 0.41 1.36 0.80 1.31 0.40 0.069 38.605 35
GZ And W 0.31 1.01 0.74 1.12 0.59 0.044 43.216 1,35
V752 Cen W 0.37 1.28 0.75 1.3 0.4 0.069 37.217 2,35
VY Cet W 0.34 1.01 0.83 1.02 0.68 0.037 46.856 26
V1139 Cas W 0.30 0.94 0.76 1.02 0.66 0.039 43.522 17
TW Cet W 0.32 0.99 0.76 1.06 0.61 0.040 43.019 35,41
V1128 Tau W 0.31 1.01 0.76 1.09 0.58 0.045 41.729 43
V870 Ara W 0.40 1.67 0.61 1.5 0.12 0.317 16.553 32,41
AO Cam W 0.33 1.09 0.73 1.12 0.49 0.050 37.837 1,3
CK Boo W 0.36 1.45 0.59 1.39 0.16 0.215 17.710 40
U Peg W 0.38 1.22 0.74 1.15 0.38 0.063 32.372 25,35
EP And W 0.40 1.27 0.82 1.10 0.41 0.059 34.267 19
AB And W 0.33 1.05 0.76 1.01 0.49 0.048 34.909 8
V1007 Cas W 0.33 1.16 0.69 1.14 0.34 0.073 28.141 18
BV Dra W 0.35 1.12 0.76 1.04 0.43 0.054 32.526 12,35
V757 Cen W 0.34 0.97 0.80 0.88 0.59 0.037 36.905 35
FU Dra W 0.31 1.12 0.61 1.17 0.29 0.086 24.393 34,35
GW Cep W 0.32 1.05 0.67 1.06 0.39 0.057 29.363 26
GM Dra W 0.34 1.25 0.61 1.21 0.22 0.120 20.532 3,41
V1191 Cyg W 0.31 1.31 0.52 1.29 0.13 0.240 13.984 33
TX Cnc W 0.39 1.28 0.91 1.32 0.60 0.051 54.093 20
BH Cas W 0.41 0.85 0.96 0.45 0.47 0.049 33.296 This work
BX Peg W 0.28 0.97 0.62 1.02 0.38 0.059 26.720 30,41
V789 Her W 0.32 1.15 0.62 1.13 0.27 0.091 22.648 18
FU Dra W 0.31 1.10 0.60 1.12 0.28 0.086 22.799 21
V546 And W 0.38 1.23 0.66 1.08 0.28 0.079 23.469 6
UY UMa W 0.38 1.40 0.63 1.19 0.16 0.173 16.242 42
Table 10 continued on next page
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Table 10 (continued)
Name Subtype Period R1 R2 M1 M2 Jspin/Jorb Jspin+Jorb Ref
d (R) (R) (M) (M)
TY Boo W 0.32 1.00 0.69 0.93 0.40 0.052 27.006 29,41
VW Cep W 0.28 0.91 0.62 0.93 0.40 0.051 25.827 7
AR Boo W 0.34 1.00 0.65 0.90 0.35 0.050 23.972 16
V829 Her W 0.36 1.07 0.74 0.86 0.37 0.053 24.723 35,46
XY Leo W 0.28 0.83 0.66 0.76 0.46 0.040 24.900 32,41
OU Ser W 0.30 1.09 0.51 1.02 0.18 0.124 14.429 24,35
V345 Gem W 0.27 1.09 0.49 1.05 0.15 0.165 12.492 38
BW Dra W 0.29 0.98 0.55 0.92 0.26 0.074 17.958 12,35
LR Cam W 0.43 1.27 0.73 0.9 0.27 0.071 20.821 39
V523 Cas W 0.23 0.74 0.55 0.75 0.38 0.045 19.616 43
CC Com W 0.22 0.71 0.53 0.72 0.38 0.045 18.639 13
RW Dor W 0.29 0.80 0.67 0.64 0.43 0.040 20.507 35
RW Com W 0.24 0.71 0.46 0.56 0.20 0.061 8.971 22,35
Note—Ref.:Baran et al. (2004),2:Barone et al. (1993),3:Gazeas et al. (2005),4:Gazeas et al. (2006),5:Goecking et al. (1994), 6:Gu¨rol et al.
(2015),7:Hilditch et al. (1988),8:Hrivnak (1988),9:Jiang et al. (2010),10:Kallrath et al. (2006),11:Kalomeni et al. (2007), 12:Kaluzny & Rucin-
ski (1986),13:Ko¨se et al. (2011),14:Kriwattanawong et al. (2017),15:Kreiner et al. (2003),16:Lee et al. (2009),17:Li et al. (2015), 18:Li et al.
(2018),19:Liao et al. (2013),20:Liu et al. (2007),21:Liu et al. (2012),22:Milone et al. (1987),23:Prasad et al. (2014), 24:Pribulla et al. (1999),25:Pribulla
& Vanko (2002),26:Qian (2003),27:Qian et al. (2007),28:Qian et al. (2008),29:Rainger et al. (1990), 30:Samec & Hube (1991),31:Sarotsakulchai
et al. (2018),32:Szalai et al. (2007),33:Ulas¸ et al. (2012),34:Vanko et al. (2001),35:Yakut & Eggleton (2005), 36:Yakut et al. (2005),37:Yang et
al. (2005),38:Yang et al. (2009),39:Yang & Dai (2010),40:Yang et al. (2012),41:Yildiz & Dog˘an (2013), 42:Yu et al. (2017),43:Zhang & Zhang
(2004),44:Zhang et al. (2011),45:Zhou et al. (2016),46:Zola et al. (2004),47:Zola et al. (2010)
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